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1. Introducﬁon
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in ocea..ographic surveys. Devices for attenu
rolling have conventionally incorporated either anti-
rolling tanks or fin stabilizers. The former system-which
functions on the lift generated by controlled-angle fins—
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system, on the other hand, presents the disadvantages of
(a) obstructing the view aft with its tanks, which are
usually installed above the upper deck, and (b) being
F€nntier

eriective Umy’ a

ga
ro]lmg and being adjustable to cover variations in the
~A

a Aeciona tad

aino L.
lllht d qulslldlCU ucqucuuy Ul llLI]l

SH T ~ Tsmm - P S T T L el 1A d
uuu IUlll Ig pe 11oq, Wlllbll WUUlU cnange Wltll LIC lUdulllg

and other ship conditions. With a view to eliminate the
foregoing shortcomings of conventional anti-rolling
devices, the present authors have applied to shipboard
use the system functioning by moving mass, whose
movement is controlled by an actuator. Tests at sea on a
model unit constructed on this principle have proved that
such a system ensure satisfactory performance.'"
Oscillation attenuating devices functioning by moving
mass—currently applied to land structures—comprise three
types: (a) passive, (b) active, and (c) hybrid. The latter
~twe -types-both have.their moving.mass-driven. by an
actuator; the hybrid type is a combination of the active
and passive types, with the moving mass driven in parallel
by both spring/damper and actuator systems. The hybrid
mode of functioning presents the merits of (a) calling
only for a smaller actuator capacity to provide roughly
equal rolling attenuation performance as compared with
a purely active-type device, and (b) being able to continue
functioning as a purely passive device in the event of
power source failure. These characteristics should also
make this type of device adaptable for application on

large ships.

The present study covers the development of a hybrid-
type anti-rolling unit designed for installation on a survey -
supervising vessel of approximately 190 t displacement,
followed by a test conducted at sea on the equipped
vessel. The test resulis revealed the notable perrormance
of reducing to approximately 1/3 the hull rolling of a
ship left to drift in broadside waves.

2. Desi

i e as

Based on the dynamic model shown in Fig. I, the actuator
control syvstem has been designed by adopting the
following assumptions.

(1) Hull rolling is limited to rotative motion around
the ship’s centre of gravity; all coupling with
movements in the remaining degrees of freedom are
neglected.
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Fig. 1 Dynamic model



(2) Damping of hull rolling is of viscous mode.

With a hybrid type anti-rolling device, the movements
of the hull and of the moving mass can be expressed in
linearized form as

I9+RO + W GM ¢

=T+mg(x,~ £0) =f,f e (0

My E = MG+ [, s @)
f,=f*¢, EQ—)':J)J.—kd(M—xd) ..... 3
where : Damping coefficient of anti-rolling unit

Cq

/, : Reaction force exerted by actuator (f,=0
in the case of operation in purely passive
mode)

f, : Horizontal component of resultant force
exerted on hull by the unit

g : Acceleration of gravity

GM - Height of metacentre

I : Moment of inertia of hull around its centre
of gravity
k, : Spring constant of anti-rolling unit
¢ : Distance between centres of gravity of hull
and of muv‘iﬁg mass
m, : Mass of moving mass
R : Damping coefficient of hull rolling
T : Exciting moment exerted by wave on hull
W : Displacement of ship
x; : Horizontal displacement of moving mass
in reference to absoiute coordinates
¢ : Rolling angle of hull.

The electric motor driving the moving mass is gov-
erned by displacement control: Upon determining experi-
mentaily the frequency response to the control input u
presented by the horizontal displacement z (= x,— 4¢) of
the moving mass relative to the hull, the second oder
system is approximated by

420 0 7 +0z = 0lu—LP+gh ... )

where @, : Equivalent angular natural frequency

Hybrid anhi-rolling

unit
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Cn - Eduivalem damping ratio

The control system was designed by applying the LQ
control theory: Letting x = [¢ z ¢ z ]*, and w=T, Egs.
(1)~(4) are expressed in the form of a state equation as

x=Ax+bu+dw e, (5)
The evaluation function is given by
J:[ (x"Qx+r?)dl oo (6)
0

where @ : Weighting matrix

r : Weighting coefficient

For minimizing the control input, the Riccati equation

PA +AP+Q -Pbb"P/r=0 ... @)
is solved, which results in
U=-b"Px/r = —KX e, (8)

3. Anti-rolling unit submitted to test

The ship used for carrying out tests on the hybrid type
anti-rolling unit is shown in Fig. 2. It is a high-speed
shallow-draught survey supervising vessel of approxi-
mately 190 t displacement, with the hull forming a chine
between the sides and bottom. The anti-rolling unit was
installed on an upper structure of an aft deck specially
provided for the purpose. The unit is shown in Figs. 3
and 4. The moving mass carries within it the driving
motor and reduction gearing, and is propelled through a
rack-and-pinion mechanism to oscillate on a pair of rails
shaped to an inverted arc. Adoption of the arked rails to
guide the moving mass oscillation has invested the
device with passive functioning character without
calling for the cumbersome pendulum and spring
suspension mechanism. The hybrid character is invegsted

by the addition of a controlled motor-driven actuator.
We!uhing a total of 3.5 t. the moving magg

a total of 3.5 t, the moving mass
represents approximately 1.8% of the vessel
displacement. The arked rails guiding the moving mass
have been shaped to let the device present a natural

that ~Af hall
period of meving mass oscillation matching that of hull

rolling. Free damping of the unit with the oscillating
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Fig. 2 Ship used for testing hybrid anti-rolting unit—Qutline elevation
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Fig. 3 Hybrid anti-rolling unit—Key components
and specification

moving mass dragging the motor while inactivated—i. e.
damping of the unit functioning in purely passive mode—
proved from the free-oscillation test to provide
equivalent viscous damping ratio of approximately 30%.

The control system is configured as shown in Fig. 5.
The hull is mounted with an angular velocity sensor, and
the measured rolling anguiar velocity is integrated to
derive the rolling angle. The velocity and displacement
of the moving mass in reference to the hull, on the other
hand, are determined from the output of a pulse generator
mounted on the driving motor. Control input is derived
by summing up the foregoing four data multiplied by the
feedback gain determined from Eq. (8).

Prior to operating the unit at sea, its rolling attenuation
performance was estimated analytically. The resulting
data are shown in Fig. 6, where the curves represent the
cases of operation in hybrid and passive modes, as well
as of non-operation—i. e. with moving mass locked out

Fig. 4 Hybrid anti-rolling unit—General view

of operation. The abscissae of the diagrammes in Fig. 6
are scaled in the ratio between the exciting frequency
and the natural frequency of hull rolling. The coordinates
represent @ /P, in Fig. 6-(a) and Z/(¢d,) in Fig. 6-(b),
where @ is the amplitude of hull rolling and &, the

ulse gel f Z, z_
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Fig. 5 Control system
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Fig. 6 Analytically calculated frequency response of
antirolling unit in different modes of operation

static angle of hull inclination due to the exciting moment
exerted by wave, while Z is the displacement amplitude
of moving mass upon hull rolling under the same waves.
The hybrid mode control system was designed with
feedback gain set to attenuate the hull rolling to 1/3 ~ 1/

4 compared with non-operation. With the unit operated

in passive mode, although not functioning at optlmlzed
adjustment of nat

that the rolling amplitude would still be roughly halved
LU[llpd[Cu with the case where the unit is locked out o

operatlon.
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4. Shipboard test at sea

4.1 Procedure-

The hull rolling attenuation performance effected by the
device instailed on a ship was measured under wavy
conditions during prescribed durations of operation or
non-operation of the device. The test was carried out in
the following manner.

The location of testing was off Tokyo Bay and around
Sagami Bay; the test lasted from February 15 to 18, 1994,
Measurements were conducted while the ship was left
drifting with waves impinging broadside—a condition of
maximum hull rolling—as well as while running with
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waves impinging broadside and on the quarter—the latter
condition to verify performance against long-period
rolling excitation. The measurements were repeated with
the unit operated in passive mode and with the moving
mass locked out of operation. The items and conditions

of the test are nrpcpnted in Table 1.

Each measurement lasted 15 minutes; the records taken

spectrogr ph cally.
4.2 Results and discussion

The results obtained from the test are given in Table 2,
which presents data on the hull rolling amplitude and
(between parentheses) the percentage of attenuation
achieved by actuating the device. The data cover four
measurements (a) ~ (d) conducted while the ship was
left to drift, and four measurements while running—at
slow and at full speed—in waves impinging broadside
(measurements (e) and (f)) and on the quarter
{measurements (g) and (h)). The natural period of hull
rolling proved to be 4.83 s from a test carried out in still
water with free hull rolling initiated by actuating the anti-
rolling device. The data given in Table 2 reveal that,
with the ship left to drift in broadside waves, both hybrid
and passive modes of operation have brought attenuation
of hull rolling, with the hybrid mode providing 15 ~
20% higher attenuation compared with the passive mode,
both for maximum amplitude and for 1/3 maximum
(significant) amplitude. Of the four measurements, (b)
and (d) are seen to have effected the highest rolling
attenuation, having brought a reductien to 1/3 in hybrid,
and to 1/2 in passive operation mode. Time history

responses covering measurement (b) are reproduced in
F:o 7, Table 3 gives the conditions of this measurement,

The average hull rolling period was 4.9 s—which roughly

coincided with its natural period of 4.83 5 gi

Figure 7 reveals that the moving mass functions with an
amplitude that is about 10% greater when operated in
hybrid than in passive mode. This indicates that the
improved performance shown by the unit when operated

in hybrid mode is attributable to the enhancement of
moving mass oscillating amplitude that can be induced
by the controlled drive. The above observation is in good
agreement with the resulits of the calcuiation presented
in Fig. 6-(b), which shows an overall higher moving mass

Table 1 ltems and conditions of shipboard test at sea
) Angle of Mode of operation
Ship speed | |00 impingement of anti-rolling device
locked out of operalion
locked out of operatio
Drifing Broadside Hybrid mode
Passive mode
Locked out of operation
Bioadside Hybrid mode
Apé)rox 5kn Passive mode
an
Full speed locked out of operalion
On the quarter Hybrid mode
Passive mode




Angle (deg |

Angle (deg |

Angle (deg |
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Table 2  Results obtained from shipboard test at sea

Drifling in broodside woves Running in broadside w Running in w. on quarler
Test ilem
(a) (b) te) d) Apprc(f 'Skal Ful (s‘:;eed App(ég) Skn, _r.v.!f!gegd

Out of operation | 6.13 | 581 | 579 | 481 2.77 2.95 552 5.02

o 301 | 191 | 3771 155] 139 239 301 272

Maximum amplitude | 'Y OGS 5 | w7y | 34 | 68 (43 (e 145) 146)
] 400 | 286 | 440 | 2.83 2.0l 3.22 576

Passive mode 35 | 1| @23 | dn (281 (=9 (=) -

Out of operation 470 | 438 | 429 | 407 2.03 219 4.35 3.49

. i 2.18 146 288 135 1.04 1.97 2.46 2.42

V‘ﬁg“*‘"‘“”‘ Hybiid mode 54 | 67y | 3| 6 | 4 (o 143) -

mphivae

e e 200 | 223 | 342 251 173 | 251 430

rassive moce 38 | 149 | (200 | (381 115 (~15) t—n -

Qul of operation 377 1 325 | 3.41 | 3.44 1.60 1.76 3.55 2.82

1,3 maximom Hybrid mod 1720 s . 2460117 0.82 1.50 1.67 2.03

amplitude Yoiia moce 1550 | 641 | 1370 | ey | 4o (o (451 (281
o o 233 | 166 | 270 1081 156 199 3.41

assive mode 38 | wor | 21 | 115 (=13 (4) -

Qul of operalion 243 | 2054 211 | 235]. 104 116 2.26 1.84

Hvbid mod 113 074 1 135 079 053 0.47 1.28 1.38

Mean omplitude yenamece 53| 64 | 36 | 66 | 4o (16) (43) (25)

Passi 1.53 107 | 1.76 | 1.32 087 1.26 2.15 _
ossive mode a7 | we | an | wan | Ge (-9 (51

Note: Given between parentheses are the percentage attenuation brought by device actuation

(1 __Hull rolling amplitude with device, out of operation \ .

\ Ditto with device in operalion ) °
Hull rolling angle
{a) Unit locked out of operation
di
i 1 i L 1 1 1 1 J
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’ Time (s
Mox amplilude: 5 81° Signit {1 3 max } amplilude: 3.25°

Moving mass displocement

(b} Unit operated in hybrid mode
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Fig. 7 Time history responses recording anti-rolling unit performance
—Measurement (b): Waves impinging broadside
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Table 3  Test conditions of measurement (b}
Areo where Tokyo Bay enirance,
test wos conducted j(logcshimo islond
Dale of lest feb. 16,1904
Weolheir Clear
Wave height measured by eye 0.25 m
Wave length measured by eye S-b6m
ﬁ\r;golse'."c;idv\{)%vee;mpmgemenl 90° on slarboard side
Wind speed om/s
Wind direction 40°~90° on slorboard side
Ship speed 0 knol

oscillating amplitude in hybrid (solid line) than in passive
(broken line) mode. The relatively poor performance
obtained in measurement {c) as Cor‘r‘\f]aféu with other
measurements can be attributed to the average hull rolling
period being approximately 5.1 s in this measurement—
which is somewhat longer than its natural period of 4.83
s.

- With regards to measurements made with waves im-
pinging on the quarter, it is known that with conven-
tional passive type devices, such as the anti-rolling tank
system. huil roliing is aggravated instead of being at-

Hull rolling angle
{a) Unit locked out of operation

o 100 200

1 . L 1 J
300 400 500 600 700 800 200
Time (s}

Mox. amplitude: 5.52° Signif. {1 3 max.] ampliude: 3.55°
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tenuated by setting the device to work under such a con-
dition of wave impingement. The same applies to the
present results for measurement (g) in Table 2 for hull
amplitude. Operated in hybrid mode, however, attenua-
tion of hull rolling by approximately 1/2 is seen to have
been obtained for the corresponding condition. The time
history responses recorded in measurement (g) are re-
produced in Fig. 8, Table 4 summarizes the conditions
applicable to this measurement. The average hull rolling

period was 5.3 s—appreciably longer than the natural

period. It is seen, however, that the hybrid mode of op-
eration—with the device exerting considerable supple-

mentary damping—has widely extended the frequency
range of high rolling attenuation. This promises amply
qatmiactOiy performance even agaimt long peiiod roll-

A device for attenuating hull rolling when the ship is
drifting and when running at slow speed has been devel-
oped and a unit incorporating a moving mass of 3. 5 t

suits of the test at sea carried out on the vessel thu

7l

Moving mass displacement

(b} Unit operated in hybrid mode
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1 1 L
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(c) Unit operated in passive mode
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Time history responses recording anti-rolling unit performance

—Measurement (g): Waves impinging on the quarter
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Table 4  Test conditions of measurement (g}
Area where Tokyo Bay enfrance
test was conducted off Jogashima Islan
Date of test Feb. 17,1994
Weather Clear
Wave heioht measured by eve n A
fave helg 78 1006m

Wave length measured by eve | g

Angle of wave impingement

measured by eye 135° on slarboard side

Wind speed 5~7 m/s
Wind direction 110°~150° on starboard side
Ship speed 5.3 knols

" equipped proved that:

(1) Adoption of the hybrid mode of operation permits
attenuating roliing to approximateily 1/3 on a ship
left to drift. This corresponds to an improvement of

roughly 15% over what is possible with a purely
passive-type of device —such as that represented by
the anti-rolling tank system.

(2) Even when the ship is running with waves
impinging on the quarter —a condition in which it is
difficult for passive devices to function effectively
—the hybrid type device can attenuate hull rolling

to approximately 1/2 with the moving mass
oscillating in controlled phase.
(3) The results obtained from the test agreed well with
what was predicted from theoretical caiculations.
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